Introduction
The behavior of a bubble passing through a molten metal bath covered with a slag layer is closely associated with the refining efficiency of the steelmaking processes. However, the two liquids are opaque and their temperatures are very high, and, hence, it is difficult to experimentally understand the bubble behavior using the real processes. Water model experiments therefore have extensively been carried out by many researchers and engineers engaged in steelmaking. [1] [2] [3] [4] [5] Previously published experimental results collectively suggest that the behavior of a bubble can be schematically shown in Fig. 1 . A skirted argon bubble, for example, generated at the exit of a single-hole nozzle rises in the molten metal layer, arrives at the slag/metal interface, and then penetrates into the upper slag layer. There are two types of penetration patterns. First, attention is paid to the left-hand side bubble just penetrated into the slag layer. A thin molten metal film covering the front part of the bubble collapses above the interface. Subsequently, many fine metal droplets and fine daughter argon bubbles are generated due to propagation of a capillary wave on the bubble. On the other hand, a molten metal film covering the right-hand side argon bubble collapses after it penetrated fully into the upper slag layer. A long molten metal filament is formed behind the argon bubble. This filament subsequently breaks up into smaller droplets. [6] [7] [8] In addition, many fine molten metal droplets are generated in the same manner as that occurring on the lefthand side bubble. Each argon bubble finally arrives at the bath surface and then ruptures, causing small slag droplets.
It is difficult at present to judge whether such a sequence of events occur in the real processes or not. The best way of answering to this question is to study the bubble behavior based on the mathematical modeling. As a first step of this research series, numerical computation was carried out to reproduce the dynamic behavior of the molten metal filament formed behind the right-hand side bubble shown in Fig. 1 .
Computational Procedure
The FLUENT numerical code 9) ver. 6.2.16, a commercially available CFD software package, was employed for all numerical predictions on 2.66 GHz Pentium Core 2 Quad processor with 4 GB RAM. GAMBIT 2.2.30 was employed for the establishment of the three-dimensional computational grid.
The axisymmetric computational grids were made up of structured elements and a total of 225 736 cells were employed for flow domain, which was based on actual geometry of the associated experimental setup.
8) The computational domain had 30 times of the bubble diameter d B in width and 34 d B in height, where the water and oil phases were equally in height (17 d B , respectively). At t = 0, the bubble was freely released at 15 d B below the oil/water interface. In the present computation, the bubble diameter was set at either dB = 5.76 (mm) or dB = 8.31 (mm) whose volume was 100 (mm 3 ) or 300 (mm 3 ), and the twenty computational grids discretized the bubble. After the bubble was released, it freely rose due to the buoyancy force and through the interface.
FLUENT uses a control-volume-based technique to solve the governing continuity and momentum equations. A segregated implicit solver and second-order upwind interpolation scheme were employed for each computational iteration. A time-step size of Δt = 10 -4 (s) was adopted to achieve a convergence in every time step. Free surface behavior, among the oil (1cSt viscosity), water and air phases (i.e., Fig. 1 . Scenario of bubbles in a reactor from generation to rupture.
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three-phase flow), was captured by the Volume-of-Fluid (VOF) model (Geo-Reconstruct). The tracking of the interface between the phases is accomplished by the solution of a continuity equation for the volume fraction of a phase. The interfacial tension of 0.0727 (N/m) for the air/water interface and 0.0527 (N/m) for the oil/water interface were adopted. The convergence of the computational solution was determined based on residuals for the continuity and x-, y-velocities. The residual of all quantities was set to 10 -4 . The solution was considered to be converged when all of the residuals were less than or equal to these default settings (see FLUENT 6.2 User's Guide 9) for more details). Figure 2 shows a comparison of selected snapshots of a rising bubble with dB = 8.31 (mm) through the oil/water interface between the computational and experimental results. We note that the axisymmetric computation was performed in the present study. To compare the computational results, this study also carried out the experimental visualization of the present target situation using the same experimental set up as the preceding study. 8) In the present experiment, we used the high-resolution video camera (KP-F100) whose frame rate of 30 flames per second with 1 024 × 1 024 pixels and took the photographs of the side view angle during the bubble passing through the oil/water interface. As mentioned in the introduction, the rising bubble through the oil/ water interface experiences the five stages which are shown in Fig. 3 . The present computation cannot capture the microscale phenomena in Stages (II) and (III) which instantaneously occur within only the order of 10 -2 seconds, due to the limitation of the computational capacity. Indeed, the preceding experimental visualization demonstrated that, at the instant of the water film rupturing around the top of the bubble, the ripple propagates on the bubble surface and generates numerous micro water droplets. Although the present computation cannot resolve these stages (II) and (III), it seems to successfully simulate the phenomena in the Stages (I), (IV) and (V) against the experimental visualization, i.e., . We note here that the present computation is based on the axisymmetric Navier-Stokes equations and therefore the time when each stage occurs in the computation is thought to be slightly different from that in the experiment. Figure 4 shows the time histories of the velocity of a rising bubble with dB = 8.31 (mm) between the present com- putational results and the previous experimental results. 8) In the experimental measurement, the data lack around 0.03 < t < 0.10 second due to the meniscus between the oil/water interface when the rising bubble passes through the interface (One can refer to Fig. 3(a) of the preceding paper 8) in detail).
Results and Discussion
Comparison of the circular symbol with triangular one supports the adequacy of the present numerical computation.
Concluding Remarks
The present numerical computation can simulate the dynamic behavior of a molten metal filament formed behind an argon bubble passing through a slag layer placed on a molten metal layer.
